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Abstract
Peri-urban areas are characterized by discontinuous urbanization. The peri-urban areas are half-urban and half-rural 
mosaic. Now days, hydrology models are focused specifically on urban basins or rural basins. Almost no model is 
suitable for studying the transformation of rainfall-runoff peri-urban basins. In this paper we present new 
developments integrated in urban hydrological model "canoe". These developments relate to the production functions 
of pervious area. These processes are modeled in a continuous time. 
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Introduction         
 
The flows in streams draining watersheds are the combination of surface processes family and 
groundwater processes family. Occurring at very different speeds, these processes mobilize water age 
from very distinct origin and pathways. It may appear in different combinations, concomitantly or 
successively in time and space. It depends on several factors that control the release, intensity and stop of 
these processes. There are many hydrological models. The establishment of a typology to represent these 
processes, which vary in nature and complexity, is difficult and ambiguous because of the variety of 
possible criteria of classification for models [1-4]. Until the mid-1960s, hydrological modeling, focused 
on the development of concepts, theories and models. The advancement of computer science has enabled 
the integration of different components of the hydrological cycle and their simulations. The hydrologic 
literature has many general state of the art and synthesis on the art of hydrological modeling [3, 5] as well 
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as on specific topics [3, 6-8]. Peri-urban catchment refers to a transition or interaction zone, where urban 
and rural surface are juxtaposed. Fueled by population growth and economic development, this specific 
zone is non-neutral. Landscape features are subject to rapid and discontinued urbanizations and cause an 
increased impervious. Those urban developments's can have major effects on hydrologic cycle and water 
quality [9, 10]. The hydrology of peri-urban catchment is characterized by a various behavior of 
hydrological surfaces (pervious or impervious), coexistence and interconnection of several drainage 
system such as hydrographical network and sewer system[4, 11].This papers, describe a new hydrological 
modeling approach for pervious area, developed and integrated in the urban hydrologic software 
CANOE® (www.canoe-hydro.com). In this model, catchment is divided by sub-catchment of any shape 
according to the classical formalism of urban hydrology. Sub-catchment is then divided by compartments 
between which fluxes can be exchanged. The compartments are represented by reservoir structures named 
boxes between witch exchanged fluxes are depend only on stocks in the upstream and downstream boxes. 
Pervious surface streamflow is divided by three major components, such as overland flow, interflow and 
baseflow [12-14]. Surface flow usually occurs when the precipitation rate exceeds the infiltration capacity 
(‘‘Hortonian overland flow’’) or when land surface is saturated (‘‘excess saturation overland flow’’). The 
interflow is the infiltrated water that moves horizontally in the unsaturated zone and merges into the 
stream [14], and the baseflow is the contribution of aquifer to the streamflow. 
2. Model description                   
 
The chosen modeling approach is conceptual. The model subdivides the catchment into subcatchments. 
The Variables and fluxes of the model have been defined to represent the macro-processes related to 
infiltration and vertical redistribution of water in the soil layers corresponding to a subcatchment. The 
longitudinal profile of the soil is divided into three layers (Fig.1).  
 
s3(t)
s2(t)
Percolation  Qe2(t)
Ia(t)
drying
Evapotranspiration
ET(t)
Rapid runoff Qs1(t)
Retarded runoff Qs2.1(t)
Rapid interflow Qs2(t)
Base flow Qs3(t)  
Sol reservoir
(R1)
Infiltration f(t)
 Subsurface 
reservoir 
(R2)
S2max
Groundwater 
reservoir
(R3)
S3max
Ri
vi
er
P(t)
Retarded interflow  Qs3.1(t)  
 
Fig. 1: Schematic of the model components  
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The surface layer is represented by the surface reservoir (R1). The second layer represents the non-
saturated part of soil, denoted: subsurface reservoir (R2). The last layer represents the aquifer; it is 
schematized by the groundwater reservoir (R3), which controls the base flow, Initial abstractions, 
infiltration, runoff (rapid and retarded), evapotranspiration, percolation, subsurface flow (rapid and 
retarded) and base flow are simulated for each times step. The surface reservoir (R1), receives the rainfall 
P(t), which has a part stored as initial abstractions Ia(t)and discharged by drying. This reservoir controls 
the infiltration f(t) and the rapid component of runoff: Qs1(t). The subsurface reservoir (R2) receives 
infiltration f(t) of the reservoir (R1). It controls: The drainage Qe2 (t) representing the percolation to deep 
soil, the rapid component of interflow Qs2(t), and Qs2.1 (t): second component of the surface-flow, 
occurring when the soil is saturated (retarded runoff). This reservoir also controls evapotranspiration 
losses ET(t). The ground water reservoir (R3) receives the flow of percolation Qe2 (t), and controls the 
base flow Qs3 (t) and the retarded component of the interflow QS3.2(t) which occurs when the ground water 
reservoir is saturated (retarded subsurface- flow ). The subsurface and ground water reservoirs are 
characterized by a maximum storage capacity of each layer, represented by S2max and S3max. The water 
storage in the reservoirs (R2) and (R3) at the moment (t) are respectively S2(t) and S3(t).   
 
The vertical hydrological water budget for each layer of sub-catchment, and fluxes are determined from 
the system of equations: 
 
x Continuity equation : 
¦ ¦ )t(Q)t(Q
dt
dS
siei
i       (1)
x Storage equation : 
 )t(Qk)t(S eiii      (2) 
    Where: 
              Si(t):storage  Volume of reservoir  i at  moment  t [m3] ; 
              ki : lag-time of reservoir i [h]. 
            ¦ )t(Qei  : Sum of inflows into the reservoir i [m3/s] ; 
            ¦ )t(Qsi  : Sum of outflows into the reservoir i [m3/s]. 
 
2.1. Process modeling               
2.1.1. Infiltration 
 
Estimate infiltration on watershed is complex. This complexity is induced by the strong spatial 
variability of soil hydrodynamic characteristics. The main consequence of this variability is the 
nonlinearity of hydrological response to rainfall in the watershed. The tendency in applied hydrology is to 
use relatively simple models. These are conceptual reservoir models or based on decreasing functions of 
the infiltration rate [15]. Continuous Modeling of streamflow, requires a model of continuous infiltration. 
This model must describe the infiltration rate as a function of soil moisture storage state in the sub-surface 
reservoir and also describe the infiltration capacity recovery. The process of infiltration capacity recovery 
is mainly due to drainage of sub-surface water and evapotranspiration losses. This recovery can be 
complete or partial (Fig. 2). 
 
1576   Boutaghane Hamouda and Ouerdachi Lahbassi /  Energy Procedia  18 ( 2012 )  1573 – 1582 
fr0
f0
1st infiltration 
stage 
Infiltration capacity 
Recovery stage
2nd infiltration
stage
time
Precipitation intensity
Infiltration rate
f0
f0: intial infiltration rate
fr0:intial infiltration after partial recovery  
 
 
Fig. 2: Infiltration and capacity recovery as a function of time 
 
Proposed in 1939, Horton's (1939) widely accepted infiltration equation takes the form of equation (3).  
Widely used for estimating the infiltration capacity of a soil. It is expressed by the following equation: 
 
 ktc0c e)ff(f)t(f
     (2)
Where: 
 fo: is the initial infiltration capacity (mm/h); 
 fc : is the final or equilibrium infiltration capacity (mm/h): 
 f(t): is the infiltration capacity (mm/h) at time t (h); 
 k :  is an exponent governing the rate of decline of infiltration capacity (1/h).                                                                                
 
Several works propose modifications of the equation to estimate the Horton infiltration under intermittent 
rainfall conditions [16, 17]. A new adaptation of the Horton's formula is proposed, so that the infiltration 
capacity is based on the state of soil saturation state and it maximum storage capacity in the subsurface 
layer (Fig.3).  
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Fig. 3: relationship between storage and infiltration capacity  
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This formulation must verify the following two conditions: 
 
1. When the soil is completely dry:              S2(t)= 0           and     f(t)=f0   
2. When the soil is completely saturated:    S2(t) = S2max     and     f(t)=fc 
 
The equation (3) becomes  
 
maxS)t(S.
c e.Ce.Cf)t(f
DD                                                              (3)
     cmax ftfStS    We search C so that   0f0f   
maxS.
c0
e1
ffC D
                  (4)
C: is a constant for an event. 
The infiltration capacity is expressed in terms of storage level in the sub-surface reservoir: 
 
max2
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2
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


 

                                                                         (5)
 where 
     fo: is the initial infiltration capacity (mm/h); 
     fc : is the final or equilibrium infiltration capacity (mm/h): 
     f(t): is the infiltration capacity (mm/h) at time t (h); 
                 α : is an exponent governing the rate of decay of infiltration capacity [mm-1]. 
          S2max: maximal storage of the subsurface reservoir [mm] ; 
          S2(t): storage of the subsurface reservoir  [mm]. 
   
The formula (6) provides an estimate of the infiltration capacity of f(t) according to the storage S2(t) at 
time t and the saturation level of the soil. The water storage water S2(t) is drained simultaneously by flow 
percolation and evapotranspiration. 
2.1.2. Rapid runoff
 
Rapid surface runoff QS1(t)  is due to exceeding of the soil infiltration capacity. For each time step dt, 
rapid runoff is given by the following equation: 
  )t(Ia)t(f)t(I)t(Q 1s                          (6)
Where:  QS1(t) : rapid runoff ; 
       I(t) : rain intensity ; 
       f(t) : infiltration ; 
       Ia(t) : initial abstraction. 
 
2.1.3. Percolation
The percolation rate is often considered a rising value of subsurface water storage. The percolation 
flow Qe2(t) is set, for each time step dt, depending on the state of subsurface layer saturation. It is given 
by the following equation 
c
max2
2
2e f.S
)t(S)t(Q                           (7)
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2.1.4. Rapid interflow 
Rapid interflow is determined for each time step dt, according to the percolation capacity  
 If the subsurface reservoir is not saturated, the percolation rate does not reach its maximum 
value fc :  
)t(Q)t(f
dt
)t(dS)t(Q 2e22S                              (8) 
 
 If the subsurface reservoir is saturated, the percolation is maximum:    
   
2
2
2S k
)t(S)t(Q                 (9)
                  k2: constant characterizing the recession curve of the subsurface reservoir.            
2.1.5. Retarded runoff 
Component of surface runoff due to the refusal of infiltration caused by saturated subsurface reservoir 
(excess saturation overland flow). Retarded runoff QS2.1 (t) is estimated as follows: 
If   S2(t) ≤ S2max   then    21 0. ( )sQ t                                                                  10 
If   S2(t) > S2max   then )t(2eQ)t(2sQ)t(fdt
)1t(2Smax2S)t(1.2sQ 
      11 
2.1.6. Evapotranspiration
Evapotranspiration is an important component of water balance at all spatial scales. Unfortunately, 
evapotranspiration is perhaps the most difficult hydrological processes to be study. One consequence of 
the increasing use of continuous models is that special attention must be given to appropriate modeling of 
the evapotranspiration process [18, 19]. the simplest conceptual representation of evapotranspiration 
losses, is made from the values of potential evapotranspiration [20]. The evapotranspiration losses ET(t) 
are estimated from daily values of potential evapotranspiration ETP(j), the state of soil saturation and 
vegetative cover. The losses ET(t) are estimated by the following formula : 
where: 
           ET(t) : evapotranspiration losses [mm] ; 
           ETP(j) : daily potential evapotranspiration  [mm/day] ; 
           Kc: cultural coefficient, depending on the type of culture and its vegetative state, 0˂Kc ≤ 1;  
           Ks : sol saturation coefficient  
max2
2
s S
)t(Sk    ,  
2.1.7. Base flow  
 
Base flow QS3 (t) is determined depending on the level of storage in the groundwater reservoir using the 
following formula: 
3
3
3s k
)t(S)t(Q   (13)
where :QS3(t) : Base flow [m3/s] ; 
)j(ETP.k.k)t(ET sc  12 
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            S3(t) : Storage level in groundwater reservoir  [mm] ; 
            K3 : constant characterizing the recession curve of the groundwater reservoir [mn]. 
2.1.8. Retarded interflow 
 
The retarded interflow Qs3.1(t) represents the delayed component of subsurface flow, due to the refusal 
of deep percolation to groundwater, caused by the saturation of groundwater reservoir (R3). Qs3.1 (t) is 
estimated as follows: 
 if max33 S)t(S d then   0)t(Q 1.3s                                                                                (14 )
 if max33 S)t(S ! then )t(Q)t(Qdt
)1t(SS)t(Q 3s3e3max31.3s  (15)
3. Resolution Principle 
Solving the system of equations generated by the model is done using an explicit finite difference scheme. 
This then allows us to easily write the storage at time step (t+dt) according to the storage at time step t 
and flows exchanged during dt as 
¦ ¦  ))t(F)t(F(dt)t(S)dtt(S siei                                           (16)
where: 
       S(t), S(t+dt): water storage in the reservoirs respectively at time step t and (t + dt) 
       Fei :  flux into the reservoir time step i 
       Fsi :   flux out  the reservoir time step i 
 
The general process for determining the storage S(t) in reservoirs and the flux Fei(t) and Fsi(t) passing 
between these reservoirs is produced according to the diagram of Fig. (4). 
 
 
fig. 4: diagram of system resolution 
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Finally, for purposes of convergence of the explicit resolution scheme and consistent with models of 
urban hydrology (stormwater drainage), the time step is taken as thin as possible. In urban hydrology, the 
time step simulations is the order of one minute, while in rural hydrology is often at a daily time step. 
4. Model parameters
There are two approaches to calibrate the rainfall-runoff models, (Madsen et al., 2002): the automatic 
calibration and the expert calibration (Knowledge-based expert system) [21]. Both approaches were 
compared in different studies and no significant differences in efficacy have been reported (Madsen et al., 
2002). The storage parameters (S2max and S3max)  and storage coefficients were estimated by recession 
analysis of historic streamflow records [22]. For the remaining parameters, the expert approach has been 
adopted. Nash criteria [23] and RMSE criteria (Root Mean Square Error) [24], were used as performance 
criteria for the calibration and validation. These are two of the most recommended numerical criteria [25]. 
 
5 .Study area                             
 
       The study uses the example of the Yzeron catchment. This catchment has an area of 150 Km² and 
located west of Lyon. It was selected because it is being urbanized and suffers frequent flooding. It has a 
complex configuration: an upstream still rural, a strictly urban downstream and peri-urban middle part in 
full transformation, in fact well suited to support our research (Fig. 5.a). In addition, this catchment is 
very well equipped in metrological terms (Fig. 5b).  
 
 
 
Fig. 5 (a) : Observed land use change in the Yzeron basin from 1979 
to 1996 [26]
Fig. 5 (b): Système of hydrometrical monitoring station, [27] 
 
It has in particular a system of hydrometrical monitoring station covering both urban and rural parts 
over a sufficient period. This allows apprehending the contributions of each soil occupation type in the 
catchment and their respective roles in recorded floods. The available data at the Craponne station (sub-
catchment of 42 km²) are spread over 2003 to 2006. 
 
6. Results             
 
The model was calibrated on the rural part (pervious area's) of the Yzeron catchment. Several rainfall 
events were used in the calibration. The Nash criterion adopted in the calibration is taken: Nash≥ 0.8.  
Model validation was performed on the remaining data, which were not used during calibration. Two 
periods were taken as an illustration: the period of the flooding of 2003 and the chronic of 2005. 
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Figure 7: Flood of 2003 ( Nash =0.91 et  RMSE =0.76) 
 
From the results, the simulation of the flood of 2003, gives us a Nash=0,91 and  RMSE = 0,76 (fig.6). For 
the simulation of the chronic of 2005, the Nash=0.73 and RMSE=0.48. 
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Fig. 7 : chronic of the year 2005  (Nash =0.73 et  RMSE =0.48)
 
These results are very encouraging given that time step used is finally divided for such simulations (6 
minutes). The model shows a good representation of the flood in both rising and recession phase. For the 
chronic, the model can represent quite well the low dynamics and the weak fluctuations in flows. These 
initial results validate the choice of different production models and the methodology of system 
resolution. 
7. Conclusion  
The developed model represents integration, of the hydrological functioning of pervious areas, in 
Canoe urban hydrological model. In this work several fluxes were added to the model such as: continuous 
infiltration, evapotranspiration losses, and the different flows. The whole shared to finely discrete steps of 
time, which is essential for coupling urban models. There is no problem with initials conditions because 
of the continuous simulation mode. The model architecture allows knowing the soil saturation state at 
each step. Furthermore the model keeps a memory of the origin of the water either it is surface, 
subsurface or ground, which can be very useful for pollutants transfer studies via different pathways from 
water. The calibration step is very laborious, requiring the development of specific strategy for the model 
to overcome this difficulty. 
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